Based on the new and higher degree geomagnetic model NGDC-720-V3, we have investigated the spatial distribution, the altitude decay characteristics of the crustal magnetic anomaly, the contributions from different wavelength bands to the anomaly, and the relationship among the anomaly, the geological structure, and the geophysical field in Sichuan-Yunnan region of China. It is noted that the most outstanding feature in this area is the strong positive magnetic anomaly in Sichuan Basin, a geologically stable block. Contrasting with this feature, a strong negative anomaly can be seen nearby in Longmen Mountain block, an active block. This contradiction implies a possible relationship between the magnetic field and the geological activity. Completely different feature in magnetic field distribution is seen in the central Yunnan block, another active region, where positive and negative anomalies distribute alternatively, showing a complex magnetic anomaly map. Some fault belts, such as the Longmen Mountain fault, LijiangXiaojinhe fault, and the Red River fault, are the transitional zones of strong and weak or negative and positive anomalies. The corresponding relationship between the magnetic anomaly and the geophysical fields was confirmed.
Introduction
The crustal magnetic field (or lithospheric field) generated by the remanent magnetization and the induced magnetization in the crust and upper mantle is an important part of the geomagnetic field. It is not only related to the magnetized mineral in its origin, but also closely related to the geological tectonics and the lithospheric evolution [1] [2] [3] . Because of differences of crustal rocks magnetization properties and tectonic evolution in separate places, the crustal anomaly has characteristics such as stronger regional feature and complicated distribution. Thus, we should choose regional or local area for better understanding of its distribution characteristics.
Following the advances of satellite magnetic survey and data processing technology, a high degree geomagnetic spherical harmonic model compiled from satellite, marine, aeromagnetic, and ground magnetic surveys can then be evaluated at any desired location to provide the magnetic field components, or the anomaly of the field, and to study their spatial and temporal distribution regularities. At present, complete separation of the main (or core) field and the crustal field has not been achieved in theory. In practice, they overlapped each other in measurements. It can be inferred from the geomagnetic power spectrum with the spherical harmonic degree that ≤ 13 is for the main field, = 14∼15 is the transition of the main field and the lithospheric field, and ≥ 16 is for the crustal field [4] [5] [6] , which provides quantitative basis for the study of the crustal field.
In the past decade, significant advances have been achieved in building high degree spherical harmonic geomagnetic field models, and a great number of models have been established worldwide. The model coefficients have been continuously updated with new measurements data increasing. Among these models, some are constructed from satellite data only; many of them are comprehensive models (CMs) derived from satellite, aeromagnetic, ground, and marine magnetic survey data [7] [8] [9] [10] . Furthermore, all available magnetic survey data worldwide have been compiled for more than half a century. The World Digital Magnetic 2 The Scientific World Journal Anomaly Map (WDMAM) was developed through a collaborative effort led by staff at the International Association of Geomagnetism and Aeronomy (IAGA) [11] [12] [13] [14] . These models are important and fundamental data for studying the crustal magnetic field.
Based on the NGDC-720-V3 model derived from satellite, airborne, ground, and marine magnetic survey data and constructed by the American National Geophysical Data Center (NGDC) (http://www.ngdc.noaa.gov/geomag/ NGDC720/index.html) as discussed by Maus [15] , we investigate spatial distribution features of the crustal field in the Sichuan-Yunnan region and seek for the connection between the crustal anomaly and the geological structure, including the corresponding relationship between the transitional zone of strong and weak magnetic anomalies and the fault zone, and characteristics of crustal anomalies in basins, orogens, and fracture zones. We mainly concentrate on the spatial distribution and altitude decaying features of the vertical component Δ and its gradients and contributions from different wavelength bands to the anomaly. The connection between the anomaly and the crust structure is revealed by comparing with geophysical fields such as the seismic wave velocity anomaly, the gravity anomaly, and the lithospheric thermal structure.
Geologic Background
The Sichuan-Yunnan region lies on the southeastern boundary of Qinghai-Tibet Plateau, where the Eurasia plate converges and interacts with the Indian plate. Special tectonic setting makes it one of the most remarkable regions, where the faults are developed and the geological structure is very complicated [16, 17] . In this region, there are Longmen Mountain fault belt (LMSF), Lancangjiang fault belt (LCJF), LijiangXiaojinhe fault belt (LJF), Kangding-Yiliang-Shuicheng fault belt (KDF), Mile-Shizong-Shuicheng fault belt (MLF), and belts that encircle the Sichuan-Yunnan rhombic block, such as Xianshuihe fault belt (XSHF), Anninghe-Xiaojiang fault belt (XJF), Jinshajiang fault belt (JSJF), and Red River fault belt (HHF). These faults divide the crust into multiple blocks ( Figure 1 ). And (I) represents Songpan-Ganzi block (Longmen Mountain block); (II) represents Sichuan Basin (Yangtze block); (III1) represents Sichuan-Yunnan rhombic block (northwestern Sichuan block); (III2) represents Sichuan-Yunnan rhombic block (central Yunnan block); (IV) represents eastern Yunnan block; (V) represents western Yunnan block; (VI) represents Indochina block. Among them are both stable Sichuan Basin and orogenic belts that formed in Cenozoic Era, like Longmen Mountain, northwestern Sichuan and Sanjiang region, and special geotectonic settings such as rift basins of the central Yunnan. Studying characteristics of the crustal field distribution in this region would have very important implications for realizing distribution features of crustal anomalies in basins, orogenic belts, and fracture zones and exploring the connection between the crustal anomaly and the geological structure. 
Calculation of the Crustal Magnetic Field
According to the theory of geomagnetic field potential function, geomagnetic potential can be expressed as spherical harmonic series:
where and are longitude and colatitude, respectively, is the Earth's radius (6,371.2 km), is geocentric distance, (cos ) is Schmidt quasinormalized associated Legendre function of order and degree , and and ℎ are spherical harmonic coefficients of geomagnetic potential. Taking the derivative of magnetic potential function in spherical coordinate system, one can obtain three rectangular coordinate components ( = / , = − / sin , and = / ) of the geomagnetic field, namely, (in north direction), (in east direction), and (in vertical direction). For harmonic degrees ≥ 16, the northern, eastern, and vertical components of the lithospheric field (Δ , Δ , and Δ ) can be calculated directly, which can be expressed as follows [18] :
Taking the derivative of each field component with respect to the geocentric distance yields the vertical gradient of the crustal magnetic field [19, 20] 
Basic Features of the Crustal Magnetic
Anomaly in Sichuan-Yunnan Region
Features of Magnetic Anomaly Distribution at the Earth's
Surface. Based on the NGDC-720-V3 model, Figure 2 shows the map of magnetic anomaly of Δ , Δ , and Δ at the Earth's surface. As we can see, there are large differences in the shape, strike, and intensity of the anomaly for each component. In the Sichuan Basin and its northern part, the strikes are nearly east-west direction for Δ , and north-south for Δ , and north-east for Δ . As the scope of positive and negative anomalies is concerned, the anomalies of Longmen In order to realize features of anomaly intensity quantitatively, Table 1 lists the principal foci and intensities of Δ and (Δ )/ at the Earth's surface. There are numerous magnetic anomaly foci in the central Yunnan block, but Table 1 shows only two points with the strongest positive and negative anomalies. As demonstrated by Table 1 , anomalies of Sichuan-Yunnan region are not uniformly distributed. The anomaly in Sichuan Basin is the strongest, and that of the southeast part of the Red River fault is the second. However, anomalies in the northwestern Sichuan and central Yunnan block are relatively weak.
Later on, the magnetic anomaly intensity is not definitely proportional to variations of the vertical gradient, as only absolute values are concerned. For instance, the strongest anomaly in Sichuan Basin is 461.6 nT, and its vertical gradient value is 13.6 nT/km. In the southeast Red River fault, positive and negative anomalies of the foci are 218.1 nT and −256.7 nT, respectively. The former is corresponding to the vertical gradient value of 16.2 nT/km, but the latter is up to −21.6 nT/km.
The vertical gradient values are not simply related with the rock magnetism but also associated with both the distribution and depths of the magnetic source body. The deeper and more uniformly distributed the magnetic source body is, the smaller the vertical gradient values are. However, at the place where the magnetic source body is shallow and nonuniformly distributed, the vertical gradient value changes greatly. Though Sichuan Basin has the strongest anomaly, its gradient value is relatively small, which means that the anomaly is decreasing slowly, and the buried depth of the magnetic source body is deeper. However, the southeast Red River fault has a large gradient anomaly, indicating a fast decaying anomaly and a shallower magnetic source body depth.
Magnetic Anomaly Decaying with the Altitude.
The decaying speed of the crustal field is directly related to the buried depth and the length scale of the magnetic source body. It can give a better understanding of the deep and shallow structural features of magnetic anomaly sources by The location and intensity of magnetic anomaly foci of Δ and (Δ )/ for each block at the Earth's surface. calculating magnetic anomaly distribution and analyzing the decaying features at different altitudes above the ground. Thus we calculate the magnetic anomaly distribution of Δ at various altitudes from ground surface to 400 km (Figure 3) . But the distribution patterns of anomalies at 100-400 km altitudes are basically the same; that is, anomalies are positive in Sichuan Basin and negative or weak in other places, so Figure 3 shows only distributions of altitudes 10 km, 25 km, 50 km, and 100 km. It is found that distribution patterns are more and more simple with altitudes increasing, whereas the decaying speed differs drastically in different areas.
Positive anomaly zone of Sichuan Basin always exits from the ground surface to the 100 km altitude. With the altitude increasing, it gradually evolves into an oval-shaped anomaly in a near west-east direction, which agrees with the basin structure. The focus is always staying at the position 106.2 ∘ E, 30.2 ∘ N nearby. At the altitude 100 km, the intensity of the focus is 74.1 nT. It suggests that the magnetic structure of the Sichuan Basin is relatively stable from the basement to the ground surface.
Anomalies at various altitudes are all negative in the Longmen Mountains block. The distribution scope gradually enlarges with altitude increasing. Directions of anomalies are nearly west-east in the deep layer and east-south in the shallow layer. And the focus position has a trend of moving westward. The positions of the focus are (105.9
∘ E, 32.0
The Scientific World Journal the ground and (102.9 ∘ E, 32.4 ∘ N) at altitude 100 km, and the intensity is 27.2 nT. The center of this focus moves 3 ∘ to the west. Therefore, we can infer that the magnetic source body caused by a negative anomaly is migrating eastward from the deep crust to the surface, reflecting the inconsistency of deep and shallow magnetic body structure in this area. This result is in good agreement with the inference that the Eurasia plate collides with the Indian plate which makes substances inside the Qinghai-Tibet Plateau move eastward [21, 22] .
Magnetic anomalies decay very fast in the central Yunnan block. Regional and local magnetic anomaly bands and clumps distributed above ground almost vanish at 25 km altitude, indicating that they are caused by the magnetic substances in the shallow crust. At 50 km altitude, negative anomalies of the Sichuan-Yunnan rhombic block and Longmen Mountain block connect each other. This indicates that they have the same physical nature, that is, weak magnetic substances, in the deep crust. The central Yunnan block anomaly is a comprehensive reflection of the negative anomaly background from the deep within the Earth superposed by local anomalies in the shallow crust.
Distribution Feature of Magnetic Anomalies of Different
Wavelength Bands. Estimated from the relation between the geomagnetic harmonic degree and the spatial wavelength ( = 2 / provides the minimum wavelength of the cut-off level of harmonic waves degree ; = 6371.2 km is the Earth's radius), the crustal field at harmonic degrees 16∼720 is corresponding to a wavelength range of 2500 km to 56 km, which reflects a broad range of changes of spatial scales of the field source. Following the Lowes-Mauersberger method [23] , the power spectrum of the geomagnetic field is expressed as
The variations of crustal magnetic field energy spectra in the NGDC-720-V3 model with harmonic degrees and orders are not linear, calculated according to the above formula. However, variations are fluctuated and meanwhile undergoing a process of being increasing, steady, and decreasing [24] . As shown in Figure 4 , the spectra at degrees 16∼120 are increased with the increasing harmonic degrees and orders. The variation of spectra at degrees 121∼220 is relatively stable. The spectra at degrees 221∼720 are gradually decreased. This kind of trend indicates that the harmonic components can be divided into several wavelength bands. The one increasing with the harmonic degrees and orders is known as the long wavelength band ( = 16∼120), the stable part is known as the middle wavelength band ( = 121∼220), and the one that seems to decrease linearly is known as the short wavelength band ( = 221∼720). They are reflecting magnetic features from the deep crust, the middle section, and the shallow layer. Distributions of three wavelength bands of the Δ anomaly at the Earth's surface are shown in Figures 5(a) , 5(b), and 5(c).
As it is shown from Figure 5 , the distribution of the short wavelength anomaly agrees with that of the vertical gradient (Δ )/ . There are several negative and positive anomalies 
Relation between the Magnetic Anomaly and Geological
Structure. Comparing the corresponding relationship between the magnetic anomaly and the geological structure at different altitudes and in different wavelength bands, we can find out the relation between the anomaly and the crustal blocks and faults. (1) A close relationship is available between the magnetic anomaly and crustal blocks. As we can see from the distribution of Δ , the positive anomaly is distributed in ancient blocks of stable structure (Sichuan Basin); negative and weak anomalies are in orogenic belts with intense tectonic activities, and anomalies are complex in fracture belts. The positive anomaly in Sichuan Basin is strong and widely spread; its focal intensity is three times that of the central Yunnan area. There are strong and negative anomalies in the Longmen Mountain block with intense tectonic activities. Anomalies in northwestern Sichuan and western Yunnan are weaker, and the maximum strength is not more than 80 nT. Several bead-like rifted basins are developed in the central Yunnan block [25] , whose anomalies are round, linear, and bead-like. And positive anomalies alternate with negative ones; their distributions are complicated.
(2) The corresponding relationship of magnetic anomaly and faults is determined. As we can see from distributions of Δ , (Δ )/ (Figure 2 ) and short wavelength band at degrees ≥ 221 ( Figure 5(c) ), several deep seated fault zones are the positive and negative anomalies boundary or transitional zones of strong and weak anomalies. The Longmen 8
The Scientific World Journal Mountain fault is the positive and negative boundary of Sichuan Basin and Longmen Mountain block. The SichuanYunnan rhombic block is divided into the northwestern Sichuan block and the central Yunnan block by the LijiangXiaojinhe faults which are transitional zones of strong and weak anomalies. The anomaly in the northwestern Sichuan block is weaker, and clumps of anomalies in the central Yunnan block are relatively stronger. Anomalies on west and east sides of the Red River fault have obvious differences: the one on the west side is weak and the other on the east side is stronger. The above characteristics of distribution of strong and weak anomalies on both sides of the faults support the inference that the border between the Qinghai-Tibet Plateau and Yangtze block is divided by the Longmen Mountain fault, Lijiang-Xiaojinhe faults, and the Red River fault [26] . We can also find out that, from Figure 2 , no significant changes were found in anomalies on both sides of the Xianshuihe fault, Jinshajiang fault, and Lancang Jiang fault, indicating that there are no obvious differences in magnetic materials on two sides of these faults.
It is worth noting that available research shows that the Red River fault is the boundary of the Eurasia plate and the India-Australia plate, whose east side extends into the South China Sea [27, 28] . However, the magnetic anomaly band along the Red River fault stops in the northern part of Vietnam and does not extend eastward to the South China Sea. This characteristic of the relation between the magnetic anomaly and the strike of the Red River fault still needs further investigation. In addition, based on the seismic active tectonics division, the eastern boundary of the Sichuan-Yunnan rhombic block is boarded by the AnningheZemuhe-Xiaojiang faults [29, 30] . But we can see from distributions of Δ , (Δ )/ in Figure 2 that there is no significant boundary on both sides of the Xiaojiang fault. Areas of stronger anomalies in the central Yunnan block extend to the east of the Xiaojiang fault, which is roughly boarded by the Kangding-Yiliang-Shuicheng faults and the Mile-Shizong-Shuicheng faults (marked by the dash line in Figure 1 ). Geological research shows that many features of strata, tectonics, and mineral deposits are similar on both sides of the Xiaojiang fault [31] . Thus, from the point of view of the magnetic anomaly, the eastern boundary of the Sichuan-Yunnan rhombic block should be divided by the Kangding-Yiliang-Shuicheng faults and the Mile-ShizongShuicheng faults.
(3) Crustal structures revealed by the anomaly and the geophysical fields are analyzed comparatively. The gravitational anomaly and seismic wave detections suggest that there are larger lateral variations of the crustal structure in Sichuan-Yunnan region. The crust of the Earth can be divided into upper and lower layers. There are no large variations in the upper crust. Most of them lie between 10 km and 15 km, and crustal variations are mainly caused by the lower crust. Generally, the Moho depth is gradually increasing from southwest to northwest in the Sichuan-Yunnan region [32] [33] [34] [35] . Average depths of the Moho are about 38 km in the south Red River fault, 45 km in Sichuan Basin, and 56 km in northwestern Sichuan. The average thickness of the SongpanGanzi block (Longmen Mountain block) is up to 60-62 km.
However, this kind of variation is not available for the crustal anomaly, which means that there is no direct connection between the crustal anomaly and the Moho depth.
Though physical properties of the crust medium reflected by the crustal and gravitational anomalies are different, there is no comparability in the distribution patterns of both. However, the crust density inhomogeneity obtained by gravity anomaly inversion [33] shows a better corresponding relationship with positive and negative or strong and weak anomalies. The density is relatively higher in Sichuan Basin, where the anomaly is positive, but densities are comparatively lower in the Longmen Mountain block, western Sichuan block, and an area west of Red River fault, whose anomalies are negative or weak. High and low densities distribute in interval in the central Yunnan block where anomalies are round and band-like, alternating with positive and negative distribution. The Longmen Mountain fault and LijiangXiaojinhe faults are the dense gravity anomaly gradient belts and boundary areas of strong and weak anomalies. Along the Red River fault there are a series of regional high and low density anomalies nearby, while bead-like anomalies are also distributed along this fault.
Seismic wave velocity structure research shows that the crustal wave velocity in the Sichuan-Yunnan area has great changes. In the upper crust, a positive anomaly velocity zone exists in the Sichuan Basin, whereas a negative anomaly velocity zone exists in the western Sichuan Plateau and western Yunnan. The boundary between positive and negative anomaly zones is the Longmen Mountain fault zone, and the Red River fault is the transitional area of positive and negative anomalies [36, 37] . There is a corresponding relationship of the seismic wave velocity anomaly and the crustal anomaly. That is, where the magnetic anomaly is positive, the seismic wave velocity is positive, and where the magnetic anomaly is negative or weak, the seismic wave velocity is negative.
Geothermal field observation shows that the lateral variation of the geothermal field has significant change in the Sichuan-Yunnan area, and high geothermal characteristic is available in western orogenic belt [38] [39] [40] [41] [42] [43] . The average crustal heat flow value is 61 mWm −2 in China, while the values are 72 mWm −2 in western Sichuan area and 82 mWm −2 in western Yunnan area. Status of low temperature appears in the Sichuan Basin, and the average heat flow value is 53 mWm −2 . Terrestrial heat flow values on the west side of the Red River fault are higher, ranging 60∼80 mWm −2 , but values on the east side of the fault are lower, ranging 50∼60 mWm −2 . High geothermal feature is available in the Yunnan area, and the distribution of the geothermal field has the trend of the west being higher than the east and gradually descends from west to east, like a wave. In the Sichuan-Yunnan region, the main reason is the subduction and extrusion of the Indian plate. In Yunnan and Panxi regions, there is a phenomenon of high heat flow value [43] , which is usually connected with tectonic activities (such as the magmatism). Comparing the distributions of the anomaly and the terrestrial heat flow, we can find out that weak or negative anomalies values are corresponding to areas of the high terrestrial heat flow value, but the positive anomaly is in line with the low terrestrial heat flow value.
The Scientific World Journal 9 (4) Crustal anomaly distributions have tectonic and geodynamic significances. From the plate tectonics point of view, due to the collision of India and Eurasia plates, the Qinghai-Tibet Plateau is blocked by the Siberian platform in the north. Results under this kind of tectonic framework show that, on the one hand, the plateau absorbs the northsouth strong compression through the crust thickening and shortening; on the other hand, it seeks a channel that the plateau materials escape to east and west [37, 44] . However, no matter what the escape way it is, the Sichuan-Yunnan region in the southeastern Tibetan plateau is the principal access where the plateau materials flow east. Prevented by the high-strength block (i.e., the Sichuan Basin), east flowing materials split into two of the northeast and southeast parts. This dynamic process is verified in sideways by strike features of anomaly distributions. Take the Longmen Mountain area to the north of Sichuan Basin for example; the vertical gradient anomaly reflecting the mid-upper crust magnetic source body anomaly shows a distinct east-north trend, which agrees with the geological structure strike. Anomalies are weaker in Cenozoic orogenic belts such as the western Sichuan and Sanjiang region. Meanwhile, there are several rifted basins in the south of the Sichuan-Yunnan rhombic block (e.g., the central Yunnan block), where positive and negative anomalies are band-like and round.
Discussions and Conclusions
As the NGDC-720 model has been compiled from satellite, shipborne, and aeromagnetic measurements, the ground survey especially, the input data has already included the information of geological structure. The relation between crustal anomaly and geological structure could be reflected by the model which provides the lithospheric magnetic field vector at any desired location and altitude close to and above the Earth's surface. Thus, this model is also a useful tool in geological and tectonic studies of the lithospheres.
(1) The crustal magnetic anomaly given by the NGDC-720 geomagnetic model has distinct local features in SichuanYunnan area. A positive anomaly is strong in the Sichuan Basin with steady tectonics, but a negative anomaly is stronger in Longmen Mountain block with intense tectonic activities. Anomalies of the central Yunnan block with complex structures are round, linear, and bead-like, and positive and negative anomalies distribute alternatively.
(2) The crustal anomaly has close relation with the geological structure. Anomalies in the northwestern Sichuan, western Yunnan orogenic belts, and south of the Red River fault are relatively weak. The Longmen Mountain fault, LijiangXiaojinhe, and Red River fault belts are the transitional zones of strong and weak (or negative and positive) anomalies. The eastern boundary of anomalies in the central Yunnan block is bordered by the Kangding-Yiliang-Shuicheng and MileShizong-Shuicheng fault belts.
(3) Distributions of magnetic anomalies at different altitudes and of different wavelength bands show that the magnetic structure of the Sichuan Basin is relatively steady from the deep interior of the crust to the ground surface.
In the Longmen Mountains area with negative anomaly, the position of the magnetic source body gradually moves eastward from the deep crust to the shallow part. In the central Yunnan block, the magnetic field source of the anomaly is shallow.
(4) The crustal magnetic anomaly has corresponding relationship with geophysical fields. Where the magnetic anomaly is positive, the seismic wave velocity is positive, the crust density is relatively higher, corresponding to areas of the high terrestrial heat flow values; and where the magnetic anomaly is negative or weak, the seismic wave velocity is negative, the density is comparatively lower, and the terrestrial heat flow value is low. The dense gravity anomaly gradient belt is the boundary area of strong and weak anomalies.
These results imply that the physical link between the magnetic anomalies and geological structures is not simple and straightforward. And, in Sichuan-Yunnan region, magnetic anomalies have close but complicated relations with the crust and upper mantle.
